Haus JM, Solomon TP, Lu L, Jesberger JA, Barkoukis H, Flask CA, Kirwan JP. Intramyocellular lipid content and insulin sensitivity are increased following a short-term low-glycemic index diet and exercise intervention. Am J Physiol Endocrinol Metab 301: E511-E516, 2011. First published June 28, 2011; doi:10.1152/ajpendo.00221.2011The relationship between intramyocellular (IMCL) and extramyocellular lipid (EMCL) accumulation and skeletal muscle insulin resistance is complex and dynamic. We examined the effect of a short-term (7-day) low-glycemic index (LGI) diet and aerobic exercise training intervention (EX) on IMCL and insulin sensitivity in older, insulin-resistant humans. Participants (66 Ϯ 1 yr, BMI 33 Ϯ 1 kg/m 2 ) were randomly assigned to a parallel, controlled feeding trial [either an LGI (LGI/EX, n ϭ 7) or high GI (HGI/EX, n ϭ 8) eucaloric diet] combined with supervised exercise (60 min/day, 85% HRmax). Insulin sensitivity was determined via 40 mU·m Ϫ2 ·min Ϫ1 hyperinsulinemic euglycemic clamp and soleus IMCL and EMCL content was assessed by 1 H-MR spectroscopy with correction for fiber orientation. BMI decreased (kg/m 2 Ϫ0.6 Ϯ 0.2, LGI/EX; Ϫ0.7 Ϯ 0.2, HGI/EX P Ͻ 0.0004) after both interventions with no interaction effect of diet composition. Clamp-derived insulin sensitivity increased by 0.91 Ϯ 0.21 (LGI/EX) and 0.17 Ϯ 0.55 mg·kg Ϫ1 ·min Ϫ1 (HGI/EX), P ϭ 0.04 (effect of time). HOMA-IR was reduced by Ϫ1.1 Ϯ 0.4 (LGI/EX) and Ϫ0.1 Ϯ 0.2 (HGI/EX), P ϭ 0.007 (effect of time), P ϭ 0.02 (time ϫ trial). Although both interventions increased IMCL content, (⌬: 2.3 Ϯ 1.3, LGI/EX; 1.4 Ϯ 0.9, HGI/EX, P ϭ 0.03), diet composition did not significantly effect the increase. However, the LGI/EX group showed a robust increase in the [IMCL]/[EMCL] ratio compared with the HGI/EX group (⌬: 0.5 Ϯ 0.2 LGI/EX vs. 0.07 Ϯ 0.1, P ϭ 0.03). The
insulin resistance; obesity; aging; substrate utilization CONTINUOUS OVERSUPPLY OF LIPID to skeletal muscle in the absence of regular physical activity and lipid oxidation results in excess accumulation of intramyocellular lipids (IMCL). This increased IMCL content is associated with insulin resistance and may be an early step in the development of type 2 diabetes when the level of physical activity is not a confounding factor (7, 9, 10, 20) . In obese, insulin-resistant individuals, weight loss is known to increase insulin sensitivity and is accompanied by a decrease in IMCL content (31) . In contrast, chronic endurance exercise training leads to both increased insulin sensitivity and increased stores of IMCL in lean, physically active individuals. This apparent paradox has been well described in the literature (1, 8, 9) and challenges the pathophysiological role of IMCL in the development of insulin resistance. Furthermore, the relationship between EMCL and insulin sensitivity is equivocal (5, 28) , and the metabolic role of EMCL has not been well studied (21) .
Long-term lifestyle intervention studies in insulin-resistant and diabetic subjects have consistently demonstrated a decrease in IMCL content with concomitant increases in insulin sensitivity following the intervention period (27) . However, there is increasing evidence that IMCL content is extremely dynamic and responsive to both acute bouts of exercise and short-term training regimens. In lean, sedentary individuals, an early response to short-term training includes increased IMCL content and downregulation of acetyl-CoA carboxylase-2 (ACC2) gene expression, suggesting that increased IMCL content is tied to improved oxidative capacity (24 -26) .
We (13) have previously shown that short-term exercise training markedly improves peripheral insulin sensitivity in obese patients with type 2 diabetes. The changes in insulin action following the short-term intervention were found to be in the absence of weight loss and fat mass. These data highlight that the mechanism of improved insulin action following shortterm exercise training is perhaps the result of changes in muscle substrate utilization (14) .
Dietary interventions such as low-glycemic diets also have favorable effects on improving insulin sensitivity and reducing IMCL content in obese subjects (32, 35) . However, the effect of lifestyle intervention strategies that combine dietary modification and aerobic exercise training on insulin sensitivity and IMCL content in populations at risk for development of type 2 diabetes such as older obese men and women with impaired glucose tolerance is not known. The purpose of this investigation was to assess the effects of a short-term diet and exercise intervention on insulin sensitivity and ICML in older obese adults and to determine the differential effects of a lowglycemic index (LGI) vs. a high-glycemic index (HGI) diet on these outcomes. We hypothesized that an LGI diet/exercise (LGI/EX) intervention would alter IMCL to a greater extent than an HGI diet/exercise (HGI/EX) intervention. We employed proton magnetic resonance spectroscopy ( 1 H-MRS) to quantify IMCL content and used a novel fiber orientation modeling (FOM) approach to correct for bulk magnetic susceptibility and orientation of lipid strands in the extramyocellular compartment of muscle (12) .
METHODS AND MATERIALS
Subjects. Fifteen older obese sedentary volunteers (age 66 Ϯ 1 Yr, BMI 33 Ϯ 1 kg/m 2 , means Ϯ SE) were recruited from the local population to undergo a 7-day exercise training and diet intervention. All volunteers underwent comprehensive medical screening prior to participation. Baseline subject characteristics are presented in Table 1 . The study was approved by the Institutional Review Board of the Cleveland Clinic, and all subjects provided written informed consent.
Intervention. Participants were randomized to receive either an LGI (n ϭ 7) or an HGI (n ϭ 8) diet for the duration of the study. In addition, all participants undertook 60-min of fully supervised aerobic exercise [EX; treadmill walking and cycle ergometry at ϳ80 -85% of maximum heart rate (HR max)] each day, for 7 consecutive days, as previously described (13, 30) . Caloric needs were determined by indirect calorimetry and assessment of physical activity status. All meals for the duration of the study were provided to the participants. Dietary macronutrient and fiber composition was matched between groups, and compliance was ensured via food container weigh-backs and counseling by the study dietitian. Pre-and postintervention measures were controlled during a three day in-patient stay in the Clinical Research Unit at the Cleveland Clinic.
Clinical assessments. Body composition was measured by dualenergy X-ray absorptiometry (model iDXA; Lunar, Madison, WI) and was used to determine whole body fat mass. Aerobic fitness and cardiovascular measurements were performed using an incremental graded treadmill exercise test to determine maximal oxygen consumption (V O2 max). Insulin sensitivity measurements were obtained after an overnight fast by use of the euglycemic-hyperinsulinemic clamp (90 mg/dl, 40 mU·m Ϫ2 ·min Ϫ1 ). Insulin-stimulated glucose disposal rate (GDR, mg·kg Ϫ1 ·min Ϫ1 ) was determined as described previously (29, 30) . Indirect calorimetry (Vmax Encore; Viasys, Yorba Linda, CA) measures were also performed prior to (basal) and during the final 30 min of the clamp procedure for determination of substrate metabolism (30) . Homeostasis model assessment of insilin resistance (HOMA-IR) was also used as a marker of hepatic insulin resistance (18) .
IMCL and EMCL assessments. Magnetic resonance spectroscopy (MRS) was used to quantify lipid levels in the soleus (slow-twitch) muscle of each subject before and after the exercise intervention. The right calf of each subject was positioned in a knee coil and positioned near isocenter within a 4T Bruker Medspec MRI scanner. Following manual shimming to improve the spectral resolution of the acquisition For the studies presented here, FOM analysis was used to compensate for these shifts and broadening to resolve and accurately measure the IMCL and EMCL peaks in human muscle (6, 12, 33) . The IMCL and EMCL methylene and methyl residues were calculated, and the relative concentrations of the IMCL and EMCL triglycerides was derived using the creatine signal as a concentration standard, assuming that the skeletal muscle creatine concentration is approximately equal to 30 mmol/kg muscle wet wt (3, 4) . This investigation is the first to apply the FOM analysis of muscle lipids with an exercise and diet lifestyle intervention.
Statistics. Between-group (LGI/EX vs. HGI/EX) comparisons were analyzed using two-way (group ϫ time) repeated-measures ANOVA, and Bonferroni post hoc tests were applied to significant group ϫ time interactions. Baseline values for each variable were compared between groups by using unpaired t-tests. In the event of a significant t-statistic, baseline values were used as a covariate in the two-way repeated-measures ANOVA. Between-group changes (⌬) with time were also compared using one-way ANOVA and Fisher's LSD post hoc tests. In addition, univariate correlation analyses were used to identify relationships between changes (⌬) in variables. Statistical significance was accepted when P Ͻ 0.05. Analyses were carried out using StatView for Windows 5.0.1 (SAS Institute, Cary, NC), and all data are expressed as means Ϯ SE.
RESULTS

Dietary intake and exercise training.
The LGI/EX and HGI/EX groups consumed diets that were similar in caloric and macronutrient content; however, the GI value of the diets was designed to be significantly different between groups. These data are consistent with our previous reports, and details of the dietary composition have been presented elsewhere (30) .
Subject characteristics. This short-term diet and exercise intervention resulted in a small but significant weight loss (kg: Ϫ1.7 Ϯ 0.6, LGI/EX; Ϫ1.9 Ϯ 0.6, HGI/EX, P Ͻ 0.0005 for time) and decreased BMI (kg/m 2 : Ϫ0.6 Ϯ 0.2, LGI/EX; Ϫ0.7 Ϯ 0.2, HGI/EX, P Ͻ 0.0004 for time). However, the ANOVA showed no group or group ϫ time interactions for changes in body composition. In addition, fasting plasma insulin (FPI) was reduced (U/ml: Ϫ3.8 Ϯ 1.6, LGI/EX; Ϫ0.3 Ϯ 0.8, HGI/EX, P Ͻ 0.02 time ϫ trial), whereas V O 2 max was increased (ml·kg
LGI/EX; 0.5 Ϯ 0.4, HGI/EX, P Ͻ 0.04, time ϫ trial). This short lifestyle intervention program had no effect on total cholesterol or cholesterol subfractions.
Insulin sensitivity. Peripheral tissue insulin sensitivity was assessed by the hyperinsulinemic-euglycemic clamp technique. Data represent means Ϯ SE (minimum-maximum).
LGI, low-glycemic index; HGI, high-glycemic index; EX, exercise intervention; GI, glycemic index; BMI, body mass index; FM, whole body fat mass; FFM, fat-free mass; FPG, fasting plasma glucose; FPI, fasting plasma insulin; Total Chol, total cholesterol; HDL, LDL, high-and low-density lipoprotein cholesterol; Hb A1c, hemoglobin A1c; VO2max, Maximal oxygen uptake during exhaustive exercise. *Significance P Ͻ 0.05. LGI/EX Post: 9.6 Ϯ 1.8 mmol/kg wet wt, ⌬: Ϫ5.8 Ϯ 3.4, HGI/EX Pre: 9.4 Ϯ 1.1, HGI/EX Post: 11.7 Ϯ 1.8 mmol/kg wet wt, ⌬: 2.3 Ϯ 1.1; P ϭ 0.03, time ϫ trial). No main effects were seen for muscle creatine values.
Correlations. The relationship between the degree of insulin resistance and [IMCL] was explored at baseline and revealed no significant associations. Changes in the primary outcome measures of IMCL and EMCL were also explored relative to changes in insulin sensitivity and other plausible metabolic variables. No relationships were found between changes in muscle lipids and insulin sensitivity. However, the change in the [IMCL]/[EMCL] ratio was inversely correlated with the change in FPI (r ϭ Ϫ0.76, P ϭ 0.001; Fig. 3 ). This relationship ([IMCL]/[EMCL]) was extrapolated to a significant finding relative to the change in HOMA-IR (r ϭ Ϫ0.60, P ϭ 0.02).
DISCUSSION
We found that a short-term diet and exercise program consisting of 7 consecutive days of aerobic exercise and a controlled LGI diet increased both insulin sensitivity and IMCL while reducing EMCL and fasting insulin in an older obese cohort. This study is the first to demonstrate that the combination of an LGI diet and exercise intervention increase IMCL stores while decreasing EMCL. In addition, this study is the first to apply fiber orientation modeling to muscle MR spectroscopy data following a lifestyle intervention.
The short-term diet and exercise program was effective in increasing whole body glucose disposal (mg·kg Ϫ1 ·min Ϫ1 ) by ϳ40%, independently of the glycemic index of the diet. These data are consistent with our previous reports of short-term aerobic training, which demonstrated increased insulin responsiveness in obese diabetic subjects (13) . Additionally, we have observed similar improvements in insulin sensitivity in a separate cohort of older obese men and women following the identical lifestyle intervention presented here (30) . These data collectively demonstrate that peripheral insulin sensitivity (mainly represented by the skeletal muscle) is not acutely affected by the glycemic index of the diet, but rather by the repeated contractile stimulus induced by aerobic exercise. Numerous studies have demonstrated that short-term aerobic were found to increase following the 7-day diet and exercise intervention period in both groups. *Significant main effect of time, P Ͻ 0.05; #significant time ϫ trial interaction, P Ͻ 0.05. There was no main effect of trial (LGI/EX vs. HGI/EX), P Ͼ 0.05. exercise training increases both GLUT4 mRNA and protein expression in human muscle, thus leading to increased insulin action and glycogen storage capability (11, 14, 34, 38) . When either an HGI or LGI diet was added to the postexercise recovery period (12 h), there was no difference in the exerciseinduced reduction of muscle glycogen, which is one of the primary factors that influence insulin sensitivity (32) .
The exact mechanistic link between insulin sensitivity and IMCL has yet to be elucidated. Numerous reports have linked increased IMCL content to an increased severity of insulin resistance in type 2 diabetics; yet, restoration of mitochondrial function and increased IMCL content with exercise training in type 2 diabetics is purported to be a major factor in improving insulin sensitivity (19) . In addition, consuming an HGI diet during recovery from exercise has been shown to reduce nonesterified fatty acid (NEFA) availability and increase reliance on IMCL during moderate-intensity exercise. Our data show that 1 wk of a combined LGI diet with aerobic training increases both IMCL stores and insulin sensitivity while decreasing EMCL stores in older obese men and women with impaired glucose tolerance. These findings are consistent with reports that increased IMCL content is an early response to aerobic training (25) and following acute exercise (22) . Although the underlying physiology is unclear, evidence points to changes in lipid oxidation and mobilization mechanisms to support the bioenergetic demands of working muscle. Recently, ACC was implicated in driving IMCL storage, as both ACC mRNA and protein expression were elevated following short-term exercise training (24) . It is still unclear whether increases in IMCL are clinically relevant, but this observation suggests that the changes in lipid utilization and storage that are occurring may be favorable to increased fatty acid oxidation. The long-term adaptations of an LGI diet and exercise intervention on IMCL content, muscle metabolism, and insulin sensitivity remain to be determined.
EMCL lipid stores of the soleus muscle are significantly increased in obese individuals compared with nonobese, but only IMCL has been correlated with insulin resistance (15, 28) . EMCL stores are adipocytes located between muscle cells but within the macrostructure of the muscle architecture. Surprisingly, previous MR spectroscopy studies of the muscle have not discussed the importance of EMCL stores, and data for EMCL go largely unreported. Furthermore, the metabolic role of EMCL in the muscle is generally unknown and the physiological role of EMCL during muscle contraction has not been fully investigated (21) . The differential effect of increasing IMCL while decreasing EMCL seen herein is a novel observation. The decreases in the EMCL depot may be a positive adaptation to exercise training and are reflective of the overall reduction in body adiposity. This observation gives rise to the question of whether loss of EMCL (adiposity) or IMCL is directly responsible for the improvements in insulin sensitivity.
We observed a significant negative association between the changes in [IMCL]/[EMCL] and changes in FPI. These data suggest that insulin may be playing a role in lipid redistribution from the EMCL compartment to the IMCL. It is well known that insulin action promotes lipid storage through actions on ACC and malonyl-CoA, thus driving triglyceride synthesis. The decreases in FPI are mainly reflective of the reduced plasma glucose response from the LGI diets. It is well documented that LGI diets elicit a lower insulin response to a given carbohydrate load than HGI diets (17) . Alternatively, the HGI diet may have elicited increased insulin levels throughout the day, but this was not reflected in the fasting plasma insulin levels demonstrated herein. Although this response does not appear to affect insulin sensitivity, it has been shown to markedly influence insulin secretion rates and suppress circulating NEFA (17) . In the face of repeated exercise bouts, reduced NEFA will result in reduced IMCL availability and perhaps reduced IMCL content (36). Indeed, individuals with greater fasting serum insulin also had higher fasting levels of IMCL, and during hyperinsulinemia demonstrate greater serum free fatty acid concentrations (37) .
MR spectroscopy is a noninvasive method that has been widely used to study lipid proton signatures in tissues such as muscle, liver, pancreas, and heart. The original concept suggested by Schick et al. (23) described the IMCL pool as spherical droplets whereas the EMCL pool is linear and parallel to the muscle fiber. These differences allowed for a ϳ0.2-ppm shift in the resonance frequency, thus allowing the two pools of lipids to be differentiated. However, successful separation between the IMCL and EMCL methylene resonances are largely dependent on the parallel alignment of the muscle fibers with the main magnetic field (B 0 ). In a muscle such as the tibialis anterior, lipid signal resolution is excellent because the fibers are longitudinal and parallel to the magnetic field. However, in this study, the soleus muscle was studied. The soleus has a bipennate fiber orientation, and the IMCL and EMCL signals begin to overlap due to magnetic susceptibility differences. Numerous approaches have been suggested to account for this phenomenon (6, 33) , including mathematical modeling as described by Khuu et al. (12) . We chose to employ the novel modeling approach of Khuu and colleagues known as fiber orientation modeling (FOM) to correct for the bulk magnetic susceptibility and orientation of lipid strands in the extramyocellular compartment of the muscle (12 This trial investigated 15 individuals, and we acknowledge that the data may be underpowered for some variables. In addition, the challenges in measuring IMCL and EMCL via MR spectroscopy cannot be overlooked and have been extensively reviewed elsewhere (2) . Furthermore, the relationship between muscle lipid content and insulin resistance is further clouded by reports that age, sex, and ethnicity are the primary factors for increased IMCL stores (16) . While we acknowledge that these variables may have an effect on both muscle lipid content and insulin sensitivity, this study was not designed to specifically address these subgroups. While our study has limitations, we have used a novel application of fiber orientation modeling for MR spectroscopy in human metabolic research and generated novel data related to changes in EMCL that potentially have clinically relevant implications.
In summary, these data suggest that increases in the IMCL pool following a low-glycemic diet and exercise intervention may represent lipid repartitioning from EMCL. The lower systemic glucose levels that prevail while eating a low-glyce-mic diet, and thus lowering circulating insulin, may promote redistribution of lipid stores in the muscle. Future work will address the long-term adaptations of a low-glycemic index diet and exercise intervention on IMCL content, substrate oxidation, and changes in insulin sensitivity.
